Distribution transformer is the key element in the electricity transmission throughout the nation. Hence, serious attention for the transformer condition monitoring is a crucial. With an occurrence of short-circuit in the power system, the transformer active parts such as core and winding will experience a mechanical movement created by the electromagnetic forces. There are various types of transformer condition monitoring measurement in market, but the monitoring of the mechanical movement in transformer is still lacking. Therefore, Sweep Frequency Response Analysis (SFRA) has been introduced to assess any mechanical movement especially of the transformer's core and winding. The frequency response of the transformer provides mechanical information of core and winding conditions. The SFRA measurement results were validated using the actual transformer untanking process.
Introduction
With the increasing of electricity supply demand in the worldwide, many power equipment are tends to have stresses and occasionally suffer due to short-circuit current. In power system, consists of generation, transmission until distribution parts [1] [2] . In each parts of it, enclose a transformer as a main player for the whole systems. Transformer act as either step-up or step-down voltage functionally operate from its active elements such as core and winding. In general it consists of primary and secondary winding. Under normal operation, voltage and current are transmitted from one end of primary winding to the one end of secondary winding through ferromagnetic material core act as flux linkage of the magnetic field created by voltage and current in the primary winding [2] [3] . This could lead an induced current at the end of secondary winding. From there, the electromagnetic forces are generated because of magnetic field induce and current density flow laterally in the winding. In normal condition, the forces are relatively low and the transformer is designed according to the dielectric and thermal that capable to withstand these forces [4] [5] . During short-circuit fault conditions it would develop almost 8 -10 times nominal current, resulting on extremely electromagnetic forces generated. This could lead to the mechanical deviation especially the transformer core and winding. If the short-circuit continuously occurs without any prevention from the switchgear and late fault clearance, it would lead a catastrophic problem of the transformer that very costly to replace or maintain [6] .
Therefore condition monitoring techniques are used to monitor and maintain the transformer from short-circuit developed either internal or external factors. The current techniques such as Dissolved Gas Analysis (DGA), Recovery Voltage Measurement (RVM) and Furfural Analysis are used by the national energy provider Tenaga Nasional Berhad (TNB) for condition based maintenance (CBM). Both of them are mainly focus on insulation paper, oil and winding (electrical parts). With the development of technology, the Sweep Frequency Response Analysis (SFRA) is a method to assess the mechanical integrity of core and winding of transformer [7] . This paper describes on the SFRA connection, theory, SFRA results from actual distribution transformer and validation from transformer untanking process to verify any relationship from the SFRA results.
Sweep Frequency Response Analysis (SFRA)
The SFRA is a proven technique to assess the mechanical integrity inside transformer core and coil before the incidence of a major or catastrophic failure. The basic concept of SFRA measurement is mainly come from the transfer function concept where it is based on the ratio of voltage/current output to voltage/current input. The generated signal is a sinusoidal voltage with sweeping frequency between 20 Hz and 20 MHz. The frequency response gain from the measurement is basically representing a whole complex R-L-C network of a transformer as a Device under Test (DUT) and it will be illustrated in bode plot diagrams; consists of magnitude (dB) and phase (deg) [7] . It is difficult to identify the healthy condition of transformer by extracting the frequency response of it. Therefore a comparative method is used to make the condition monitoring from the SFRA results occurred. The measured response from the tested transformer is compared with its fingerprints response; where the fingerprints response are usually originate such as tested transformer in-factory response, its sister transformer response (other transformer with equally same specifications) and phase to phase response (symmetrical phase winding comparison) [8] . Fig 1 state the idea of the SFRA connection and concept of measurement. With the response is in frequency domain range from 20 Hz to 20 MHz and each of it are dedicated to the transformer's part condition. For the purpose of transformer core and winding mechanical movement, Table 1 indicated the proposed frequency ranges [9] to interpret the condition from the SFRA results. In this paper, the frequency ranges from the stated table is used to interpret the transformer condition. Above 400 kHz (High Sub-band) In this range axial deformations of each single winding are detectable.
Electromagnetic forces under short-circuit conditions inside transformer
Inside a transformer, core and winding are the active elements to ensure its function to step-up/step-down voltage in power systems. For initial condition, the voltage is applied to the primary winding and develops a magnetic field surround of it. This magnetic field, B vector component known as magnetic flux, is then flow through core (a ferromagnetic material) and transferred to the other secondary winding. Instead of focusing the magnetic field occurs around the winding, not to forget the electromagnetic force, F also initiated. This is because the winding itself is current carrying conductors therefore it is agreed according to the Eq. (1). The conductors of the winding will experience a force due to the interaction of electric current flow and magnetic fields.
(1)
The actual transformer has been designed to withstand for a certain number of electromagnetic force originated from short-circuit. Unfortunately due to the late clearance of short-circuit from switchgear or circuit breaker, it will let the transformer winding tends to move or deform due to the force generated [10] . Fig 2 shows the concept transformer winding stress caused by current flow. In short-circuit condition; the actual current is around 8 -10 times from the normal operating current thus developing very high electromagnetic forces [11] . This could lead the winding to deform in either axial or radial movement [12] . 
Research Works

Results of SFRA
In this paper, a TNB in-service distribution transformer at PPU Seksyen 23 Shah Alam 30 MVA 33/11 kV Dyn11 is used to gain the SFRA measurement results. The transformer has been operated for almost 18 years but due to B J F × = tripped on Buccholtz and Differential Relay; it has been suggested to take out from the system to analyze its condition. Other popular technique for transformer condition monitoring, DGA is used to extract any information from the insulation oil. The result showed the High Energy Arcing with little involvement of insulation paper [13] . Next, SFRA measurement is used to the transformer both high voltage (HV) and low voltage (LV) winding. The responses are then being compared with symmetrical phase winding. Discussions are made according to the selected proposed frequency ranges stated in the previous part to identify which parts are affected . Fig 3(a) and 3(b) are related to the HV phase winding comparison. Meanwhile Fig 4(a) and 4(b) are based on LV phase winding comparison.
In Fig 3(a) , the comparison between SFRA graphical result between H1H2 phase to H3H1 phase shows no such deviation occurs in low and middle sub-band frequency ranges but not in high sub-band range. From the results, the possible faults occur is related to a low winding deformation in H1H2 and H3H1 phases winding. Meantime, in Fig  3(b) shows the comparison of SFRA graphical result in H1H2 phase to H2H3 phase. Comparison for these two curves in HV winding shows an obvious changes for low and high sub-band frequency ranges which indicate a possible faults related to the electrical faults (turn-to-turn winding short circuit) and winding deformation in the middle limb of transformer (H2H3 phase). In Fig 4(a) , the comparison between SFRA graphical result of x0x1 phase to x0x3 phase shows no such deviation occurs for overall frequency ranges. It means no mechanical deformation regarding to both core and winding in LV; x0x1 phase to x0x3 phase (both are in transformer outer limb). Meanwhile in Fig 4(b) shows the comparison of SFRA graphical result in x0x1 phase to x0x2 phase. The changes only occur in low frequency range and the possible fault parts are transformer core (especially in the middle limb) and turn-to-turn winding short circuit. 
Validation from untanking process
Untanking process is the procedure for taking out the core and winding from the main tank of transformer. This could lead to the fault identification wider and clearer. The untanking for this PPU Seksyen 23 Shah Alam transformer is only covered until winding inspection and not the core due to time constraint. From the visual inspection results shown in Fig 5(a) and 5(b) , it clearly indicates the transformer had an experience of axial winding deformation at HV winding especially in the middle limb of the transformer (H2H3 phase) and open connection from tap leads winding. The HV winding faults phase move downward because of the large electromagnetic forces originated from short circuit current produce an outer direction and make the upper layer of HV winding to disrupt downward the others. 
Conclusion
In this paper, the SFRA method on diagnosing the condition of transformer main mechanical parts such as core and winding was investigated. The research work was conducted based on data taken from actual TNB transformer. By using the symmetrical phase comparison of both HV and LV windings it could be the best alternative way on interpret the SFRA measurement data besides on finding the transformer historical SFRA measurement data. From the validation process, it can be concluded that the SFRA measurement is a powerful techniques where it is able to pin-point the main defect of the transformer components [12] [13] . For the next project, more case studies of actual in-service transformer will be validated to enhance the SFRA measurement advantages.
